Transport properties of exciton-polaritons in anisotropic quantum microcavities are considered theoretically. Microscopic symmetry of the structure is taken into account by allowing for both the longitudinal-transverse (TE-TM) and anisotropic splitting of polariton states. The splitting is equivalent to an effective magnetic field acting on polariton pseudospin, and polarization conversion in microcavities is shown to be caused by an interplay of exciton-polariton spin precession and elastic scattering. In addition, we considered the spin-dependent interference of polaritons leading to weak localization and calculated coherent backscattering intensities in different polarizations. Our findings are in a very good agreement with the recent experimental data.
I. INTRODUCTION
Cavity polaritons are mixed states of light and matter formed as a result of the strong coupling of quantum well excitons with the photonic mode in the microcavity which embraces the quantum well. Excitonpolaritons demonstrate a wide range of spectacular phenomena caused by the combination of photonic and excitonic properties [1] . Among those are spin effects related with an interplay of the exciton spin and photon polarization degrees of freedom [2] .
The polaritonic spin states are characterized by a projection of the angular momentum on the growth axis which can be either +1 or −1. The states with a definite angular momentum projection emit circularly polarized light, and their linear combinations correspond to the elliptically polarized light, in general. It is convenient to describe the spin dynamics of cavity polaritons in the framework of the (pseudo)spin Bloch vector whose z component describes the circular polarization degree and in-plane components determine orientation of the linear polarization plane.
A driving force for polariton spin dynamics is the spin splitting of their energy dispersion. Acting as a wave vector dependent effective magnetic field similar to the Dresselhaus or Rashba terms in the electron effective Hamiltonian it induces the spin precession of cavity polaritons which may be directly observed by time-resolved photoluminescence and Faraday rotation experimental techniques [2, 3] . The powerful tool to visualize the polariton spin precession and spin splitting is the Optical spin Hall effect which consists in the linear-to-circular polarization conversion in microcavities [4] . The angular distribution of the circular polarization degree carries information on the magnitude and the direction of an effective magnetic field acting on the polariton spin [5] .
It is widely accepted that the spin splitting of the polariton states can result from the longitudinal-transverse * Electronic address: glazov@coherent.ioffe.ru (TE-TM) splitting of the cavity mode [2, 6] . This splitting is strongly wavevector dependent, and it has a symmetry of second angular harmonics because the polariton spin flip is accompanied by the angular momentum change by ±2. Another contribution to the spin splitting can be caused by the in-plane anisotropy of the microcavity which results in the splitting of the modes polarized along two perpendicular in-plane axes [7, 8] . An interplay of the longitudinal-transverse and anisotropic splittings can strongly affect the spin dynamics of cavity polaritons [9] .
Coherent effects are also very sensitive to the fine, spin-dependent structure of their energy spectrum, for review see Ref. 10 and references therein. It was demonstrated recently that the presence of longitudinaltransverse splitting strongly affects the weak localization of exciton polaritons: the coherent backscattering can be reduced in the presence of the polariton spin splitting [11] . So far, an analytical theory of polariton dynamics in the presence of both TE-TM and anisotropic splittings is absent.
The present paper is devoted to the theoretical study of an interplay between the longitudinal-transverse and anisotropic splittings in spin dynamics and transport properties of cavity polaritons. We apply our theory to the Optical spin Hall effect and weak localization of cavity polaritons. The analytical expressions for the polarization conversion efficiency and for the interferenceinduced coherent backscattering intensities in microcavities are derived. The developed theory is compared with recent experimental findings [9] .
The paper is organized as follows: in Sec. II we develop kinetic theory of Optical spin Hall effect in microcavities with allowance for the spin splitting of polariton states. Analytical and numerical results for the polarization conversion are given. The weak localization effects are studied in Sec. III. The concluding remarks are presented in Sec. IV.
II. OPTICAL SPIN HALL EFFECT
Experimentally detected polarization state of scattered light is described by the Stokes parameters: circular polarization degree P c , and linear polarization degrees in two pairs of orthogonal axes rotated relative to each other by 45
• , P l and P l ′ . They are determined by the pseudospin density, S k , and particle density, f k , of the polaritons with the in-plane wavevector k:
Here z is the normal to the microcavity, and the axes x, y lie in the microcavity plane. Hereafter we assume that the light incidence angle is small [5] , therefore in calculation of Stokes parameters, Eq. (1), normal incidence can be assumed. Classical polarization dynamics in anisotropic microcavities is described by kinetic equation for the pseudospin density of the polaritons
Here τ 0 and τ 1 are the lifetime and elastic scattering times of exciton-polaritons, respectively, g k is the generation rate, and the angular brackets denote averaging over directions of k. We neglect all non-linear effects caused by the polariton-polariton interaction as well as the inelastic scattering processes. The effective Larmor precession vector Ω k lies in the cavity plane. It has two contributions, one with a fixed direction results from the structural anisotropy [1, [6] [7] [8] , another containing the second angular harmonics describes TE-TM splitting of the eigenmodes in ideal microcavities:
Here ϕ is an angle between k and x-axis, and it is assumed in what follows, that ∆ x. Quantities Ω 0 and ∆ are some functions of the wave vector absolute value k, which is assumed hereafter to be fixed: k = k 0 . The precession frequency is anisotropic since both Ω 0 and ∆ are nonzero:
The angular dependence of the vector Ω k is plotted in Fig. 1 for three important cases: ∆ = 0, ∆ = Ω 0 , and ∆ > Ω 0 . It is worth to mention that a microcavity grown e.g. from zinc-blende lattice semiconductors possesses, in general, C 2v point symmetry group. In such a case the coefficients at cos 2ϕ and sin 2ϕ can be different in Eq. (3). However, this difference is related with the microscopic symmetry of the crystal lattice. We ignore it hereafter because the main effect on the polariton pseudospin splitting is caused by the Bragg mirrors [6, 7] . Solution of the kinetic equation (2) yields the pseudospin in the form
Here 1/τ = 1/τ 0 + 1/τ 1 is a total relaxation rate, and
Equation (5) takes a closed form if we average it over ϕ and find S :
Here (5)- (7) describe polarization dynamics in anisotropic cavities at any excitation conditions. There are two important limiting cases where the spin dynamics in microcavities is most brightly pronounced: the excitation of a given state k 0 [5] 
which corresponds to the standard Rayleigh scattering geometry, and the case of isotropic rate [9] g k = g.
In the first case only one state on the elastic circle is excited, and the polarization in scattered states is detected. For ∆ = 0 the problem was studied in detail in Ref. [11] . The situation changes if the anisotropic splitting is taken into account. The angular distribution of the circular polarization degree given in this case by is plotted in Fig. 2 for excitation to the states with k 0 ∆. At k k 0 (i.e. at ϕ = 0) we disregard the contribution of the pump. Panel (a) corresponds to g 0 k 0 ; in this case the eigenstates are excited: g 0 Ω k0 . Panel (b) describes the case g 0 ⊥ k 0 , when g 0 is perpendicular to Ω k0 , cf. Fig. 1 . Figure 2 (a) shows that the circular polarization degree has two maxima and two minima whose amplitudes decrease with an increase of the anisotropic splitting ∆. At small ∆ ≪ Ω 0 these extrema are positioned at ϕ = ±π/4, ±3π/4 corresponding to the scattering angles where Ω k and g 0 are orthogonal which leads to the highest conversion efficiency [4] . With an increase of ∆ the conversion efficiency is reduced because the overall spin splitting tends to be parallel to ∆ g 0 . Indeed, if ∆ ≫ Ω 0 the conversion is caused by the TE-TM splitting solely, but the circular polarization degree is strongly suppressed due to the fast precession of the pseudospin in the plane perpendicular to ∆ similarly to the Hanle effect.
The situation drastically changes if one excites the cavity with g 0 ⊥ k 0 (k 0 ∆), Fig. 2(b) . In such a case the initial state is not an eigenstate of the system even if ∆ = 0, cf. Fig. 1 . Hence, the non-zero angular averaged circular polarization P c appears, and the conversion efficiency is reduced with an increase of the anisotropic splitting ∆ due to the faster pseudospin pre- cession. The minima of the conversion efficiency positioned at ϕ = ±π/2 for ∆ = 0 are converted into maxima with an increase of ∆. This happens because the total fields Ω k at ϕ = 0 and at ϕ = ±π/2 are opposite for ∆ = 0, while for ∆ ≫ Ω 0 they are equal. Now we turn to the isotropic generation. First, it is instructive to analyze the angular-integrated degree of emission polarization. In the case of g ∆ the angular averaged circular P c and linear P l ′ polarizations vanish from the symmetry arguments. The relaxation of the parallel to ∆ pseudospin component S x is suppressed by the presence of the anisotropic splitting similarly to the suppression of the D'yakonov-Perel' spin relaxation by the Larmor effect of the magnetic field. Hence, S x increases with the increase of ∆, and the linear polarization degree P l reaches 1 at ∆τ ≫ 1, ∆ ≫ Ω 0 . Figure 3 represents the analysis for orientation of the generation vector g perpendicular to ∆. Panel (a) presents the circular polarization degree, P c , and panel (b) shows the linear polarization degree P l ′ [cf. Eq. (1)]:
It can be seen from Fig. 3(a) that the angular-integrated circular polarization degree first increases with an increase of ∆. This happens because the anisotropic splitting acts as a constant magnetic field and induces the • to ∆.
conversion of perpendicular to ∆ in plane pseudospin component to the out of plane component. Further increase of ∆ results in suppression of the circular polarization degree due to the spin precession, similarly to the results shown in Fig. 2(a) . Accordingly, the in plane pseudospin component is decreased by the effective magnetic field ∆ in agreement with Fig. 3(b) . Then, we analyse the angular distribution of the circular polarization degree
In the case g ∆ it has the same form as for the generation to a single state k 0 ∆ shown in Fig. 2a . Indeed, as it follows from the symmetry of the problem, the angular averaged pseudospin vector S is parallel to ∆, and the solutions of Eq. (2) for g k ∝ δ kk0 and g k = const are different by a constant factor only. Therefore in Fig. 4 we demonstrate the angular distribution P c (ϕ) for two specific orientations of the generation vector, g ⊥ ∆ (Fig. 4a ) and g at 45
• to ∆ (Fig. 4b) . The main contribution to the angular dependence is given by zeroth and second harmonics, cf. Eq. (3). With an increase of ∆ the zeroth harmonics contribution first increases and then decreases in agreement with Fig. 3 . For ∆ ≫ Ω 0 the angular distribution of the circular polarization degree is almost constant because the spin precession vector points along the same axis, cf. Fig. 1 . Note, that in the case of [9] . Insets show color plots of the k-space distribution of the circular polarization degree. Axes in the insets coincide with those in Ref. [9] . g oriented by 45
• to ∆ the angular distribution is asymmetric with respect to ϕ → −ϕ, and the asymmetry is most pronounced for comparable ∆ and Ω 0 .
In order to compare our theory with Ref. [9] we present results of calculations for their experimental conditions: we take the polariton lifetime τ 0 = 4 ps, equal values of the TE-TM and anisotropic splittings, Ω 0 = ∆ = 0.04 meV, and the momentum scattering time τ 1 much longer than τ 0 . We also take into account that at experimental conditions and for the sample studied in Ref. [9] the excitation was performed at g oriented at angles −60
• , 120
• , and 30
• with respect to the vector ∆. The corresponding angular distributions of the circular polarization degree are plotted in Fig. 5 , where ϕ = 0 corresponds to the direction of the vector ∆. Note that in Fig. 5 of Ref. [9] the circular polarization degree is plotted vs ϕ exp = ϕ − 120
• (top axis in our Fig. 5 ). It is seen, that the circular polarization is almost insensitive to the value of the elastic scattering time τ 1 . This happens because the single scattering regime at τ 1 ≫ τ 0 is realized.
One can see from Fig. 5 that the agreement between our kinetic theory and the experimental data is quite good: The circular polarization degree varies in a range of −0.4 . . . 0.4 as in Ref. [9] . Then, as it follows immediately from the linearity of the kinetic equation (2) , the change of polarization from "horizontal" to "vertical" (i.e. change g → −g) results in the change of circular polarization sign in agreement with panels (a) and (c) in the experimental figure 5, Ref. [9] . Hence we have plotted in Fig. 5(a) only the curves for one orientation of g ("horizontal"). At "diagonal" excitation, Fig. 5b , the averaged circular polarization degree P c is much smaller as compared with the panel (a). The angular positions of the polarization maxima and minima shift to higher angles in a good agreement with the experiment. The color plots of the circular polarization degree in the kspace shown as insets agree well with the experimental data presented in Fig. 5 of Ref. [9] .
III. WEAK LOCALIZATION EFFECTS
The classical kinetic theory presented in the previous Section describes well the available experimental data on the Optical spin Hall effect in microcavities. The polaritons, however, are known to keep their coherence while propagating over large distances [1, 5] . As a result, interference effects can come into play. The most important of those are the coherent phenomena leading to weak localization of polaritons [11] [12] [13] .
In the Rayleigh scattering experiments the angular distribution of the scattered polaritons is observed. In what follows we concentrate on the case of the single state excitation, Eq. (8). We also assume the multiple-scattering regime: τ 0 ≫ τ 1 ≈ τ . The interference of polaritons induces the corrections to the particle number density (δf k ) and spin density (δS k ):
where the Cooperon C is a sum of all "fan" diagrams, i.e. diagrams with maximally crossed scattering lines, see Ref. [11] for details. In Eqs. (10) we assumed that Ωτ ≪ 1.
The main effect of the interference is the modification of the backscattering. Indeed, the substitution of any smooth part of f k ′ , S k ′ into the r.h.s of Eq. (9) leads to small corrections of order 1/(kl 0 ) 2 ≪ 1, where k is the characteristic polariton wavevector, and
is the dephasing length of the polariton, coinciding with the typical displacement during the life-time τ 0 for pure elastic scattering considered here. Therefore the significant corrections are obtained only after substitution of the singular terms appeared in the distribution at the point of generation which, in the limit of Ω 0 τ ≪ 1, ∆τ ≪ 1 read:
As a result we get
It is instructive to relate the functions A 0 (q),Â(q) with the spin-dependent return probabilities which describe the coherent backscattering corrections to the kinetic equation. Indeed, if one is not interested in the details of the distribution function in the wave vector scale of 1/l (and, hence, in the scale of 1/l 0 ≪ 1/l), one can represent the kinetic equations for the particle and spin densities as follows [11] :
where the values of the spin-dependent return probabilities W 0 ,Ŵ are related with the functions A 0 ,Â as:
The anisotropic microcavity has D 2h point symmetry (or C 2v if the microscopic structure of the crystalline lattice is taken into account) with the C 2 axis coinciding with the normal z direction. It means that the only nonzero components ofÂ are
Note that the relation between A yz and A zy components is identical to that for the off-diagonal components of the conductivity tensor in a magnetic field B x (anisotropic in q contributions to A 0 ,Â have extra smallness caused by the spin splitting and are neglected). Calculation shows that
Here R = 1 − (2∆τ s ) 2 ,
,
is the relaxation rate for the in-plane pseudospin components [11] .
One can see from Eqs. (15) that the values A 0 (k + k 0 ), A(k + k 0 ) which determine the angular distribution of the particles have sharp peaks at k ≈ −k 0 which correspond to the coherent backscattering. The processes of the coherent scattering by an arbitrary angle are disregarded here since they contribute to the smooth part of the distribution function at |k + k 0 |l, |k + k 0 |l 0 1.
In the limit ∆τ s ≪ 1, ∆ √ τ τ 0 ≪ 1, we get
where the lifetimes are introduced for spin components parallel and perpendicular to the growth axis z [11]:
In the absence of both the longitudinal-transverse and the anisotropic splittings the polariton pseudospin is not affected in the course of the propagation. In this case,
2 ], and, in agreement with Eq. (11) the total number of the backscattered (at k = −k 0 , i.e. q = 0) particles is twice higher than the number of the particles scattered by an arbitrary angle. The same applies for all pseudospin components: the emission intensity in a given polarization is twice higher for k = −k 0 as compared with the intensity for the arbitrary scattering angle.
The presence of the longitudinal-transverse and anisotropic splittings qualitatively changes the situation. Although the pseudospin splittings of polariton energy spectrum do not affect their propagation as long as the splittings are much smaller as the characteristic particle energy, the interference of the particles is strongly affected. Figure 6 shows the coherent backscattering intensities, A 0 , A ij as functions of the scattering angle ϕ calculated by Eqs. (15) with q = 2k| cos (ϕ/2)|. Firstly, we consider the case where the anisotropic splitting is absent, ∆ = 0. It is demonstrated in Fig. 6a that the presence of the longitudinal-transverse splitting, Ω 0 , partially suppresses the interference, and the backscattering peak becomes lower and wider than at Ω 0 = 0. In agreement with Eq. (16a) it consists of three contributions corresponding to different spin states of the interfering particles. Qualitative behavior of the backscattering peak in linear polarization, A xx , A yy is similar. Interestingly, the backscattering peak in the circular polarization [Eq. (16c) at Ω 0 = 0] is transformed into a dip provided the longitudinal-transverse splitting is relatively strong, can change its sign for relatively strong longitudinaltransverse splitting where τ s ≪ τ 0 . This effect is a consequence of the fact that the real spin of excitonpolaritons is integer (the Berry phase is 2π), and the anti-localization behavior is manifested in pseudospin z component, unlike the case of electrons where the correction to the diffusion constant (i.e. A 0 ) changes its sign as a function of the spin splitting [11] . The distribution of the backscattered particles becomes even more rich if the anisotropic splitting is taken into account, ∆ = 0, see Fig. 6b . Clearly, if the isotropic splitting is absent, one can quantize the polariton pseudospin onto the axis ∆, and the interference corrections for the particle number, A 0 , are exactly the same as in the absence of the anisotropic splitting, in agreement with Eqs. (15) [10] . If both Ω 0 = 0 and ∆ = 0 the conversion between y and z pseudospin components (i.e. between the circular and diagonal linear polarizations) described by the odd in ∆ components A yz = −A yz appears in the backscattering. Besides, as shown in Fig. 6b the backscattering becomes different in linear polarizations: A xx > A yy . It is a result of the fact that the dynamics of the parallel and perpendicular to ∆ components of the pseudospin is different. Indeed, for relatively strong anisotropic splitting, ∆τ s ≫ 1, ∆τ ≫ 1 (not shown) the interference of y pseudospin components (in the diagonal linear polarization) and of z pseudospin components (in the circular polarization) should be absent since these components are rapidly lost as a result of the spin precession in the field ∆. At the same time the interference of x pseudospin components (linear polarization in xy axis) as well as the interference of unpolarized particles remains the same as in the absence of both longitudinal-transverse and anisotropic splittings because the eigenstates of the system correspond to the definite x pseudospin projections.
IV. CONCLUSIONS
In conclusion, we have studied in detail the excitonpolariton spin dynamics with allowance for both the longitudinal-transverse splitting and the anisotropic splitting which coexist in real structures. The presence of the anisotropic splitting changes dramatically the polarization conversion in microcavities as compared with ideal isotropic systems where only TE-TM splitting is of importance. It turns out that the angular-integrated emission of the microcavity excited by linearly polarized light becomes, in general, elliptically polarized. The efficiency of the linear to circular polarization conversion depends strongly on the relation between the TE-TM splitting, the anisotropic splitting and the polariton radiative and scattering rates.
We have analyzed the effects of anisotropic splitting on the interference of polaritons caused by the weak localization/antilocalization phenomena. The spin-dependent backscattering intensities are shown to be strongly sensitive to the anisotropic splitting of polariton states. For instance, weak localization itself leads to the conversion from linear to the circular polarization in the course of polariton diffusion. Application of our model to recent experimental data on Optical spin Hall effect in microcavities [9] showed a very good agreement with the experiment.
